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FOREWORD

This report was prepared by Atlantic Research Corporation to
document all work performed under Air Porce Contract AF 04(611)-9708
from 2 February 1964 to 4 March 1965. This work wvas administered under
the direction of the Air Force Rocket Propulsion Laboratory, Edwards,
California. Lt. Robert Schoner was the Air Force Project Officer.

Dr. James D. Batchelor was responsible for the administrative
and technical aspects of the program. The over-all program was carried
out under Mr. Bugene L. Olcott, Director, Materials Division.

The secondary report number assigned to this report by the
contractor is TR-PL-6839-01-0.
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(This abstract is Unclassified)
ABSTRACT

Pyrolytic graphite coatings have been found to be highly erosion
resistant under severe rocket nozzle conditions. The objective of this
program was to demonstrate the feasibility of such coatings for nozzles up
to 2.3-inch diameter in firings at 700 psi with a 6550°F propellant. This
objective was accomplished.

Stress analyses and thermal analyses were carried out in support
of the design, fabrication, and motor testing of nozzles of both 1l.l-inch
and 2,3-inch diameter. Thermal analysis indicated the potential of pyrolytic
graphite coatings for lightweight nozzle designs. The results of the stress
analyses for coated composites were correlated with experimental evidence of
delamination cracking in the coatings. Critical stress levels were identi-
fied for both radial tension in the coating and axial tension in the substrate.
The deposition process was improved to produce crack-free coatings 50-mil
thick on conventional graphite substrates and 100-mil thick on a fibrous
graphite substrate.

Nine motor firing tests were made and good performance was demon-
strated with both subscale and full-scale nozzles. The presence of micro-
scopically observed delamination cracks was found to destroy the integrity
of pyrolytic graphite coatings during nozzle service. For coatings without
major cracks coating integrity was achieved, however, and erosion rates of
acceptable magnitude were measured for subscale nozzles for durations up to
about 40 seconds. In full-scale nozzles satisfactory erosion rates were
measured for firings of durations up to 60 seconds. Optimization of the
coating to provide minimum erosion rates should result in still further
per formance improvements.

To test the restart capability of pyrolytic graphite coated nozzles,
one subscale insert was re-fired successfully as an added task to the original
program, This added task is described completely in the Addendum at the end
of the report. Performance was completely normal and no cracking or delamina-
tion occurred. Pyrolytic graphite coated nozzles should be considered as
good candidates for multiple firing cycle requirements.

114
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1.0 INTRODUCTION

Pyrolytic graphlte is a unique form of graphite produced by vapor
deposition of carbon from a carbonaceous source gas on a heated substrate. It
exhibits excellent erosion resistance when used in uncooled nozzles for solid
propellant rocke. motors. Its high density, essentially zero permeability,
and corplete absence of a binder phase are believed to explain this exceptional
serviceability. Subscale rocket motor tests of pyrolytic graphite coated
nozzles of 1/2-iuch throat diameter carried out previously at Atlantic Research
Corporation have shown that consistently good performance can be acgieved in
nozz&e service with propellants having flame temperatures from 5600 F to
6550 F. (Ref. 1) The higher the flame temperature and the motor operating
pressure, the higher the erosi-n rate observed for pyrolytic graphite. To
illustrate the high erosion resistance of pyrolytic graphite coatings, 1/2-
inch diameter nozzles fired with 6550 F propellant have shown average erosion
rates of the order of 0.5 mil/sec at 700 _psi motor pressure. Limited tests
with l-inch diameter nozzles with a 6000°F propellant have also shown low
erosion rates but the problcms of scale-up have not been previcusly investi-
gated sufficiently.

The lowest chemical reactivity can be achieved by using pyrolytic
graphite as a coating so that the layer plene surfaces are exposed to the pro-
pellant combustion gas environment. However, to use the coating orientation,
the difficulties and problems involved in maintaing coating integrity, which
are common to all coating systems, must be accepted and solved. The aniso-
tropic properties of pyrolytic graphite make the problem of maintaining coating
integrity more severe than usual. Resldual stresses are unavoidably built
into the coating during the deposition process. The exposure of a pyrolytic
graphite coating to the thermal shock conditions of nozzle service may also
lead to coating compromise.

To circumvent the problems of maintaining coating integrity, many
nozzle designers have resorted to the use of edge-oriented pyrolytic graphite
in the form of stacked discs or wnshers. However, deponding upon the heat
sink capacity of the nozzle design and the severity of the service conditions,
it has been found that edge-oriented pyrolytic graphite erodes up to several
times faster than a good coating of pyrolytic graphite. A pyrolytic graphite
coating is a good thermal insulator and coated nozzle inserts do not depend
upon heat sink capacity to perform satisfactorily. Thus, a pyrolytic graphite
coated nozzle can be designed for minimum volume and minimum weight. The
potential exists, therefore, using pyrolytic graphite coatings, to prepare
a nozzle of superior performance capabilities as well as minimum weight.

Previous work has been carried out to evaluate pyrolytic grephite
coatings made by several suppliers (e.g., Ref. 2 and 3), but no definitive
and systematic study of the feasibility of pyrolytic graphite coated nozzles
of reasonable size and for severe motor operating conditions has been reported.
Such a feasibility demonstration was the principal objective of this program.
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To investigate the feasibility and the performance capabilities
of pyrolytic graphite coated nozzles for solid propellsnt rocket motors
operating under severe conditions, the current progre ' ~onsisted >f the
detailed analysis, fabrication and motor testing of a group of nozzles with
an advanced propellant of 6550 F flame temperature. Five suvscale nozzles
of l.l-inch nominal throat diameter for an 1100-1lb thrust motor end four
fullscale nozzles of 2.3-inch nominal throat diameter for a 4600--1b thrust
motor were fabricated and motor tested. The preparation of the coated
nozzle inserts, the fabrication of the test nozzles, and the rocket motor
test of these units were all carried out at the facilities of the Atlantic
Research Corporation. This report describes in detail the work carried
out and the results achieved in this program.
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2.0 SUMMARY AND CONCLUSIONS

The principnl objective of this program was to demonstrate the
feasibility of pyrolytic graphite ccatings for uncooled nozzle service under
severe operating conditions. Based on prior work in the field, it was
apparent that a pyrolytic graphite coating represented a hie.lly erosion
resistant noz:zle materinl. The utilization of this material, however,
required a demonstration that coatings of suitable quality and integrity
could be prepared and could perform successfully in rocket motor firings.

To accomplish this obJjective, both thermal and stress analyses
were completed to aid in the design of the test nozzles and to aid in the
understanding of their behavior during tests. Deposition studies were carried
out to demonstrate that suitably coated inserts could be prepared for fabri-
cation of test units for the motor firing program. Rocket motor tests of
both subscale and fullscale nozzles were performed using a 6550 F flame
temperature propellant at a nominal motor pressure of TOO psi. The motor
firing program culminated in a demonstration of the ability of pyrolytic
graphite coatings to withstond firings in excess of 60 seconds at high
chamber pressure.

A number of interesting conclusions can be drawn from this program.
The thermal analyses illustrated the unique insulating properties of pyrolytic
graphite coating and provided design data for the successful fabrication and
test of the nozzles butilt on this program. The stress analyses provided
data on the residual stresses in composite bodies consisting of a pyrolytic
graphite cnating and the substrate upon which it was deposited. These data
were nct previously available in the literature. The effect of pyrolytic
graphite coating thickness, substrate thickness, substrate radius, and sub-
strate properties were illustrated by stress calculations. Based upon the
stress calculations and the experimental evidence gathered in the deposition
work, it was concluded that both the radial tensile stress in the pyrolytic
graphite coating and the axial stress in the substrate material are critical
in causing flaws in the coating.

In the deposition studies, it was determined that delamination
cracking is the most common failure mode from residual stresses in pyrolytic
graphite coated composites. For a given substrate material, delamination
cracking occurred at similar coating thicknesses for both the subscale
nozzles (l.l-inch diameter) and fullscale nozzles (2.3-inch diameter). This
behavior indicates that critical stress factors may result both from the
anisotropic nature of the pyrolytic graphite and from mismatch between the
coating properties and the substrate properties. Control of delamination
cracking was achieved both through deposition process control and through
selection of the substrate material. Crack-free coatings of about 50 mil
thickness were successfully prepared on conventional graphite substrates of
both subscale and fullscale dimensions. Much thicker crack-free coatings
wvere prepared on a low modulus, fibrous graphite substrate. Correlation of
the calculated stress levels and the experimentally observed cracking was

achieved.
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Nine motor firing tests (five subscale nozzles and four full scale
nozzles) were made with a 6550 F propellant at 700 psi motor pressure.
Excellent performance was demonstrated for both subscale nozzles (erosion
rates from 0.55 to 0.64 mil/sec) and fullscale nozzles (erosion rates from
0.73 to 1.19 mil/sec). The higher erosion rates were measured for coatings
on fibrous graphite subsirates probably because of a greater tendency to
form nodules in these coatings and the local flaws associated with nodules.
The extent of coating deterioration and loss correlated with observed pre-
firing delamination cracks. Three coatings which contained known delamination
flaws (two subscale and one fullscale insert) prior to firing were all
destroyed during motor test. Of six coated inserts without observable major
flaws, only one subscale unit suffered a complete loss of coating. Coating
retention wvas demonstrated in the other five tests of inserts without cracks;
four of these successful tests were consecutive in the latter portion of the
program. Calculated stress values for both racial coating stress and axial
substrate stress were correlated with the observed delamination cracks. The
value of the pre-firing microscopic examination of the coating edges as a
quality control procedure was clearly demonstrated by the program results. (C)

Post-firing microscopic examination of the coating on eseveral
inserts showed no deterioration of the remaining coating. This indicates
that pyrolytic graphite coatings are a good candidate for restart nozzle

applications. (U)

The feasibility of pyrolytic graphite coatings for use in uncooled
nozzles for advanced solid propellant motors was demonstrated by the results
of this program, but several areas are recommended for further study to
optimize the coating performance and to advance the development of such
nozzle asssemblies. Stress analysis work should be extended to confirm the
critical allowable stresses in coated composites and to optimize the control
of these critical stresses. Deposition work should be aimed at the preparation
of optimum quality coatings and the correlation of erosion resistance with
picrostructure. Repetitive motor firings of coated nozzles is recommended to
demonstrate the indicated utility of pyrolytic graphite coatings for this
type of duty cycle. Additional motor tests could provide experimental data
for the correlations sought in further stress analysis and deposition process

study. (U)

4
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3.0 ANALYSIS AND DESIGN

A. GENFRAIL

It is important in the evaluntion of nozzle materinls that the
proper design be used for each test unit. When the objectives is to evaluate
the performunce capability of the nozzle materinl, any short-coming of the
design which compromises this performance is misleading and undesirable.

To aid in the design of the test nozzles, both thermal analysis and stress
calculations were carried out. Thermal analysis was carried out to determine
the temperature history of the nozzle structure and to assure that thermal
faillures would not occur. The stress calculations carried out dealt with
the residual stresses involved in the pyrolytic graphite coated insert.

All of the test nouzzles were consntructed with hewvy-weight test hardware

to provide the maximum dauta on the nozzle ingerts within the limited budget
of the progrum. Denign nnd optimization of n flight-weipght nozzle were
beyond the scope of this program.

Both the thermal uanalysis and the rntress mnalysic calculations
are digcussed in some detuil in this section because the results of these
calculations indicate some of the unique properties of pyrolytic graphite
coateu nozzles. The thermal analysis indicates the potential for minimum
weight nozzles offered by pryolytic graphite coatings. The stress analysis
indicates the nature of the problems faced in preparing flaw-free coatings
of desired dimension and in maintaining coanting integrity during cervice.

B. THERMAL ANALYSIS

Pyrolytic graphite 1s an excellent thermal Insulator in the direction
normal to the deposition layer planes. When used as a coating this insulating
property leads to a rapid rise in surface temperature, large temperature
gradients across the coating thickness, nand a significant reduction in the
heat transmitted through the coating to the nozzle structure. The high surface
temperature and large thermal gradients across the coating produce very
severe gervice conditions for the pyrolytic graphlite, but, if the coating can
withstand these conditions, the reduction in heat transmission through the
coating makes possible a very light-weight nozzle system. This characteristic
ic a distinct advantege for pyrolytic graphite coatingsc over conventional
heat sink nozzles.

To predict the temperat:re history at several points in selected
nozzle designs, a seriecs of thermal analyses was carried out. Several cases
were selected to provide a parametric study of the effect of coating thickness,
substrate thickness, and insulating thickness for both the subscale and full-
scale nozzles. The thermal analyses were performed with existing programs
on a Burroughs 220 and an IBM 7090 computer. These programs utilize finite
difference methods to calculate the transient radial conduction in axisymmetric

cylindrical geometry and include the following features:
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(1) Convective heat 1.put at the gas surface is based on Bartz
correlation transfer coefficients rnd gas recovery temperature.

(2) Radiative heat trunsfer ut the gas surface is based on the
particle cloud and surface emis.:ivities and the gus frec-stream .emperature
(i.e., no temperature lag in the condensed phase).

(3) Tempernture dependent thermal properties are used as needed
for each material in the composite structure.

() An adinbatic rear wull conditlon 1s nssumed. Iactors 1 and
L are conventional assumptions generally made in ull thermal analysis programs.
The refinements of the program used in this study are the inclusion of tem-
perature dependent thermal properties and the inclusion of radiative heat
transfer between the nozzle surface and the propellant exhaust stream. The
latter factor is quite important for long term firings when the surface
temperature of the nozzle approaches a steady state value. If radiative
heat transfer is ignored, significant error may exist in the calculated
surface temperature. The use of a program for nxisymmetric cylindrical
geometry 1is also extremely desirable for nozzles Jf moderate diameter.

Calculations of the temperature histories were made for both
subscale and fullscale nozzles at the nozzle throat locantion and at one
upstream position in the nozzle inlet region. At the thront locatlon, the
composite structure consisted of pyrolytic graphite coating, graphite substrate,
carbon back-up insulation, and steel structure. An edge-oriented pyrolytic
graphite plate was used Just upstream of the coated insert in the experimental
nczzles to protect the leading edge of the coated section. Thus, the thermal
analyses in the inlet reglon were mude for n composite consisting of edge-
oriented pyrolytic graphite, a baked carbon insulator, and the steel structure.
In all calculations ATJ graphite wns tnken as the substratce material and
baked carbon, which was used in nll of the test nozzleus, wac taken as the
insulation and back-up material. In each case, n standard thickness of 3/8
inch was used for the steel nozzle structure.

A total of fifteen cases were analyzed. The dimensions of each
configuration selected for analysis are shown in Table I. Thé dimencions
used for thermal analyses covered a range of dimeasions anticipated to cover
those used in actual experimental nozzle designs. The data calculated for
each case are sumarized in tabular form in Appendix A. The reader may refer
to there data for any detailed comparisons desired. clected data are
discussed and compared in the following paragraph. to illustrate key features
of pyrolytic graphite coated nozzles.

Several interesting facts may be noted by examining the predicted
temperature histories. Firut, the very strong effect of the insulating nature
of the pyrolytic graphite coating is apparent trom the rate at which heating
of the nozzle occurs at the throat region compared to a nozzle without the
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Table 1. Dimensions of Nozzl@s Selected for Thermal Analysis.

A, Throat locatiom: 1.100" throat diameter; 4.750" outside dismeter;
steel thickness 3/8"
»
Pyrolytic Graphite Graphite Graphite/Carbon Carbon
Coating Thickness Thickness Interface Diameter Thickness

Sase Mo, * _(mi1) —(inch) _(inch) —(inch)
A-1 0 0.700 2,500 0.75
A-2 0 0.950 3.000 0.50
A-3 30 0.670 2.500 0.7%
A-4 %0 0.920 3.000 0.50
A-S 0 0.640 2.500 0.75
‘-. w o..” ’om o.’o

B, Throat location: 2.300" throat dismeter; 6.250" outside diameter;
steel thickness 3/8"

Pyrolytic Graphite Graphite Graphite/Carbon Carbon
Coating Thickness Thickness Interface Diameter Thickness

Sase Mo, (mil) ___ _(inch) {ipch) {inch)
3-1 0 0.830 4.000 0.75
B=2 0 1.100 4.500 0.50
3-3 45 " 0.805 14,000 0.7
Db 43 1.035 4.500 0.50
27 43 0.805 4.000 1.125"
C. Inlet lecation: 1.840" dismeter (1.100" throat); steel thickness 3/8"
Pyrolytic Graphite Carbon Outside
Plate Wedb Thickness Thickness Dismeter
Sose No, (inch) —(inch) ~{inch)
c-1 0.830 0.50 5.250
C-2 0.830 0.875 6.000
D. Inlet Location: 3.340" diameter (2.300" throat); steel thickness 3/8"
Pyrolytic Graphite Carbon Outside
Plate Web Thickness Thickness Diameter
Sase Jo, (inch) ~(inch) ~{inch)
D-1 0.855 0.625 7.250
D-2 0.855 1.000 8.000

a, Results of these cases are found in Appendix A.
b. Outside diamster for case B-7 = 7,000"

7
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pyrolytic graphite coating. (Figure 1) This insulating property of the
coating leads to the predicted very rapid rise in surface temperature. Just
how rapidly this rise occurs can be seen in Figure 2 in which the surface
temperature of the throat of a gubscale nozzle with only 30 mils of pyrolytic
graphite coating is shown with a greatly expanded time scale. It can also
be seen from these temperature plots that practical thicknesses of baked
carbon in the range from 1/2 to 1 inch provide adequate insulation between
the nozzle throat insert and the steel housing for al). th. firing conditions
planned in this program (Figures 1 and 4).

The temperature histories predicted in the inlet region of both
the subscale nozzle and the fullscale nozzle are shown in Figures 3 and 5.
A substantial temperature rise can be expected from the heat sink, edge-
oriented pyrolytic graphite plate, but this need be no cause for concern for
heavy-weight nozzle test hardware. The edge-oriented pyrolytic graphite
plate is included for the primary purpose of providing protection for the
leading edge of the coated insert section. In previous work, excessive
erosion upstream of the coated insert has led to unduly severe exposure
conditions of the coating. In practical nozzle designs, no greater weight
of the pyrolytic graphite plate material would be desirable beyond that
needed to provide protection for the upstream edge of the coating. To
optimize a light-weight nozzle design, another method of controlling the
entrance contour, such as the use of a second pyrolytic graphite coated
segment, might be found more favorable.

The dimensions of the nozzles which were motor tested were
comparable with cases subjected to thermal analysis. The thermal calcula-
tions indicated that no problems would be encountered with over heating
of the nozzle structures. These predictions were borne out in the motor

test firing program.
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C. STRESS ANALYSIS

In the design of any nozzle, varivus stress factors must be
considered. Stresses exist in the throat insert, in the back-up insula-
tion, and in the nozzle structure. In a flight-weight nozzle design,
the stress levels in the nozzle structure and attachments assume equal
importance with the stresses in the internal components of the nozzle.
This is true because each component must be designed to save weight. When
heavy-weight nozzles are designed for test purposes, however, the struc-
tural stress problems may be minimized by conservative design. The con-
servative design for the test hardware used on this program contributed
to the satisfactory performance experienced with the test nozzles to yield
maximum data on the coating performance.

Stress factors in the nozzle throat insert material under eval-
vation cannot be disposed of easily. These stress factors and their effect
upon the nozzle material are often central to the performance capabilities
of the material. Residual stresses may be incorporated in the nozzle
insert material during its manufacture. Additional stresses or modifica-
tion of the residual stress pattern may be caused during a rocket firing
both by the severe thermal environment and the mechanical forces acting
upon the nozzle. Often one of these stress types is critical for the
application of 2 given nozzle material. Such was the case in this program
as indicated in the following discussion.

Pyrolytic graphite is a highly anistropic material. Because the
material consists of a stacked layer plane structure, the thermal and
- mechanical properties are very different in the a-b direction (parallel to
basal planes) in the c- direction (perpendicular to the basal planes). The
elastic constants of the material also differ in the a-b and c directions.
A material wvhich exhibits this type of anisotropy, in which the properties
in two directions (a-b) are equivalent but differ from those in the third
direction (c), is properly referred to as transversely isotropic. It {is
known that a transversely isotropic material is prone to develop residual
stresses vhen its temperature is changed. A change in the temperature of
the material is a sufficient condition to induce stresses; it is not neces-
sary for a temperature gradient to exist in the material as is the case for
an isotropic material. 1In the case of a flat piece of pyrolytic graplhite,
the stresses induced during cooling from the deposition temperature lead to
warping or distortion of the surface. However, in closed shells of pyroly-
tic graphite, the geometrical restraint offered by the closed shape locks
in residual stresses.

The residual stresses inherent in pyrolytic graphite coatings
represent the single most critical stress factor in pyrolytic graphite
nozzles. Although the general nature of the residual stresses in pyrolytic
graphite are known, little definitive information has been published on
the magnitude of these stresses especially for the composite consisting of
a pyrolytic coating and its graphite substrate. An approximate analysis
of the stresses in free-standing spherical and cylindrical shells of pyrolytic
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graphite was reported in Reference 4. In both references 4 and 5, the local
effects of nodules and surface roughness were exp'ored for free-standing
geometry. Reference 6 contains, in addition to the work published in Refer-
ences 4 and 5, a variety of brief and exploratory analyses of many of the
different stress problems such as growth, thermal gradients, surface rough-
ness, etc., discovered in the course of the fabrication of pyrolytic graphite
shapes. Calculations are made only for free-standing shells although the
effects of mandrel restraints are suggested. Perhaps most important in
Reference 6 is the exploration of methods of measuring residual stresses by
strain gage techniques. It appears that with sufficient care and extensive
effort residual stresses can be measured, but such measurements require
destruction of the pyrolytic graphite section. The data in the literature
is of general interest, but it does not relate the stresses in coatx com-
posite structures to the geometry and properties in the way required %o
guide a study of pyrolytic graphite coated nozzles.

The principal mode of failure of coated inserts resultins from
residual stress consists of delamination cracks which are parallei to the
substrate and coating free surface. Such cracks may form at the substrate
coating interface or completely within the coating and once initiated
generally propogate around the nozzle circumference. Radial tensile
stresses in the coating are normal to such cracks and could be responsible
for delamination. Shear stresses resulting from axial strusses in short
coated pieces could also produce inter ' aminar failure. The axial curva-
ture of the nozzle would lead to an opening of an interlaminar crack
following a shear stress failure. Microscopic examination of the polished
edge of the coating readily reveals delamination cracks; the prediction
and control of such flaws was the main objective of the stress analyses.
Short interlaminar cracks are often found in the region of growth nodules
in local areas of otherwise sound coatings. These defects which are -
referred to as local flaws because they do not form a continuous crack
pattern, would likely be less destructive coating integrity.

To define the problems inherent in the as-deposited coatings
under study in this program, a series of stress analyses was carried out.
Calculations were made on the effect of geometrical variables on the resi-
dual stress in free-standing pyrolytic graphite shells. Calculations
vere also made for the effect of geometry and substrate properties on
the stresses in composites consisting of a pyrolytic graphite coating and
its substrate. The method used in these calculations and the results of
each type of calculation are discussed in the following sections.

l. Method of Analysis

In a previous program at Atlantic Research (Reference 1), the
basic stress-strain relations for pyrolytic graphite were derived. These
relationships for a transversely isotropic material are much more compli-
cated than for the case of an isotropic material. The stress-strain
relationships involve seven elastic constants rather than three for an
isotropic case. However, only five of these elastic constants are independent.

15

R o e

ma B Y- p s el _w-i!



AFRPL-TR-65-57

In our prior work, these stress-strain relationships were used to derive the
differential equations relating the stresses and the deflections for a
cylinder of pyrolytic graphite. These equations were the starting point for
the calculations of stresses in pyrolytic graphite shapes which can be des-
cribed in cylindrical coordinates.

To carry out the desired stress analyses on this program, computer
programs were written to solve the basic equations on a Burroughs 220 com-
puter. The first program prepared dealt with the stresses in a homogeneous
free-standing cylinder of pyrolytic graphite. This program was used to
calculate the stresses in long cylinders in which the edge effects were not
involved. The input data required for this program were the thermal and
elastic properties of the pyrolytic graphite and the temperature at which
the material was in a stress-free condition. The output of the program
consisted of the principal stresses at any other temperature.

A second computer program was also prepared in which the pyrolytic
graphite coating equations were coupled with those which apply to a cylin-
drical substrate material. This program could be used to calculate the
stresses in both the coating and the substrate for composites in which the
coating is on either the inside or the outside of the substrate cylinder.
This program wvas particularly important to our study of pyrolytic graphite
coated inserts. The interaction of the coating and the substrate cannot
be ignored if pyrolytic graphite is to be used on an as-deposited coating
basis. No serious study of the stresses in as-deposited composites was
available from previous work so that this portion of our stress analysis
was critical in the guiding of our deposition studies and the interpreta-
tion of the results of this deposition work.

2. JIyee Standing Pyrolytic Graphite Shells

As indicated above, the anisotropic nature of pyrolytic graphite
leads to residual stresses in any shell when the temperature of the material
is changed. Although these stresses cannot be eliminated or avoided, an
{dentification of the nature and magnitude of these residual stresses is of
value in the design of a noszszle.

The stresses in long cylinders of free-standing pyrolytic graphite
were calculated using anisotropic elastic and thermal expansion properties
for the pyrolytic graphite. The stresses considered in each case are those
created by cooling the material, assumed stress free at the deposition
temperature of 2000°C, to room temperature. The thickness of the pyrolytic
graphite shell and its diameter were varied over a range typical of those
values of interest for the noszles in this program. The maximum tensile
stresses calculated in each of the eight cases considered are listed in
Table I11. A complete description of the stresses calculated and the input
data used in this series of calculations are contained in Appendix B.
Compressive stresses are not listed in Table II since failures caused by
such stresses are rarely observed and were certainly not involved in the
cracking found experimentally in this program. It must be remembered that
the stresses calculated for free-standing pyrolytic graphite shells are

16
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not those which exist in as-deposited coated composites. However, these
residual stresses which exist in pyrolytic graphite shells without regard
for restraints from the substrate are of interest as background for the
study of coated composites.

Several interesting conclusions can be drawn from the data in
Table II. First, the radial tensile stresses, which might explain the
delamination cracks whicn are most common in pyrolytic graphite, are not
excessive ior dimensions which are realistic for our nozzle study. An
allowable radial tensile stress of about 1000 psi (across plane direction)
is a reasonable value for pyrolytic graphite. Case 7 which was included
to show the effect of a very thick shell of small inside diameter indicates
that extremely high stresses would characterize such an unfavorable
configuration.

In addition to the stress levels, the effect of the thickness
(t) to inside radius (r,) ratio on the stresses is of interest. Cases 2
and 8 indicate that geometric similarity leads to equal stresses in thin
shells. The stress in each coordinate direction increases with increasing
t/r; ratio but not in the same manner. Over the range of t/r, ratios
typical of the nozzles for this program, the following observations can
be made:

(1) the hoop stress increases essentially in proportion to
the increase in t/r, ,

(2) the axial stress increases with increased t/x, but at
a rate of less than proportional to the increase in t/ti’ and

(3) the radial stress increases with increased t/r but
at a rate greater than proportional to the increase in t’ﬁ.'

3. ted sites

The nozzles under study in this program were all coated composites
consisting of a coating of pyrolytic graphite as-deposited on the inner
surface of a commercial graphite substrate. Since the pyrolytic graphite
was to be used as an as-deposited coating, the strusses calculated for the
composite are of greater interest than those calculated for free-standing
shells. In any pyrolytic graphite coated body some mismatch of thermal
expansion coefficients exists between the coating and the substrate in one
or more directions. The elastic properties of the substrate graphite also
generally differ from those of pyrolytic graphite. Each of these differences,
in addition to the anisotropic nature of the pyrolytic graphite, contributes
to the residual stress in a coated part. Again, these stresses cannot
generally be eliminated but their identification is important. Effective
contro! of the magnitude of these stresses is possible by the proper selec-
tion of geometrical factors and the properties of the substrate material.

Three series of stress calculations were made for coated composites
consisting of a long cylindrical configuration. 1In a long cylinder, only

18
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principal stresses exist and no shear stresses are developed. The selection
of this configuration was necessary to avoid the mathematical complication
of edge discontinuities which are involved in short cylinders. Thus, these
calculations represent a partial solution and simplification of the stress
pattern in actual coated inserts. However, valuable insight was gained

into the nature of the stresses and the relation of these stresses to the
geometry and materials selected for coated inserts.

a. Coatings on Inner Surface of Cylinder

In the first series of calculations, the stresses were computed
for composites consisting of a pyrolytic graphite coating on the inner
surface of a cylindrical substrate. Twenty-four cases were analyzed to
deternine the stress levels for all combinations of the following variables:

(1) pyrolytic graphite thickness - 30, 50 and 80 mils,
(2) substrate thickness - 0.40 and 0.70 inch,

(3) substrate type-molded and extruded graphite,

(4) 1inside diameter - 1.120 and 2.300 inch.

Table 1II contains a summary of the results of these calculations.
Only the maximum principal tensile stresses are listed although compressive
stresses of similar magnitudes are present. No failures which appear to be
the direct consequence of compressive stresses have been noted in the experi-
mental work. A complete presentation of the results of these stress calcu-
lations is included in Appendix C. The reader who is interested in further
comparisons or study of these results is referred to this tabulation.

Examination of Table I1l illustrates a number of interesting
factors. For a given type and size of substrate the radial tensile stress
increases with coating thickness. [ r substrates of the same size, the
radial tensile stresses for an extrvdad graphite substrate exceed those
for a molded graphite. The magnitudc of these radial tensile stresses are
particularly important because they -~uld explain delamination cracks. For
a number of the configurations listed ‘n Table II1 the maximum hoop tensile
stress in the coating becomes quite large. Only in the case of the thicker
coatings on the smaller substrate, however, does this hoop stress approach
the value generally reported for the tercile ttrength of pyrolytic graphite
in thea-bd direction.

The axial stresses in the coating are entirely compressive. The
tensile stresses in the axial direction in the substrate, however, are
indicative of the forces created by the mismatch of the coating and the
substrate in the axial dimension. The axial tensile stresses in the sub-
strate increase with coating thickness and decrease with substrate thickness.
For the cases selected, the axial stresses are somevhat larger in the large
diameter substratse than in the smaller diameter substrate. The axial stress
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is important in coated composites because in actual nozzle inserts edge effects
come into play which yield secondary stresses in the composite. The transfer
of axial stresses across the interface between the coating and the substrate
in actual sections of finite length creates shear stresses. It is likely

that these shear stresses, vhich are inter-laminar in nature for the coating,
are one cause of the delamination flaws. The analysis of these shear stresses
wvas not carried out in this program as indicated above because of the diffi-
culty of such analysis. However, it is estimated that the magnitude of the
shear stresses is related directly to the magnitude of the axial tension in
the substrate.

Finally, examination of the hoop tensile stresses in the substrate
indicates another potential problem area. In the cases involving the molded
graphite, the hoop tension in the substrate appears safe since the tensile
strength of molded graphite is of the order of 3000 spi. liowever, the tensile
strength of extruded graphite, which may range from 1200 to 2000 psi, may
not be sufficient to withstand the hoop or axial stresses. In fact, in the
experimental deposition work, several instances of hoop stress failure
occurred in extruded graphite substrates.

b. Coatings on Outer Surface of Cylinder

In the first series of calculations described above, the nozzle
shape was idealized as a composite cylinder with the pyrolytic graphite
coating on the inner surface. The cylinder was selected such that the
circular cross-section was typical of a given nozzle throat plane. Thus,
these previous calculations served to illustrate the effect of nozzle throat
radius on coating stresses. To illustrate the effect of axial nozzle curva-
ture on the stresses in the coated insert section, calculations were made
for a composite cylinder with the coating on the outside with the cylinder
radius equal to the radius of curvature of typical nozzles. Figure 6 shows
pictorially the rationale behind this selection of geometry. The surface
of an actual nozzle insert represents only a portion of a toroidal surface
and thus does not consist of a closed surface along the direction of the
radius of curvature. Nevertheless, it was felt that calculations for this
outside coating geometry would help to indicate the effects of nozzle
radius of curvature to supplement the calculation of the effects of nozzle
throat diameter.

Twelve cases vere calculated for coatings on the outside of a
cylinder to demonstrate the effect of two radii of curvature, two thicknesses
of a molded graphite substrate, and three pyrolytic graphite cosating thick-
nesses. The maximum tensile stresses in each principal direction in both
the coating and the substrate are listed in Table IV. Again only the maxi-
mm tensile stresses are listed although compressive stresses also exist.

A complete tabulation of the stresses in each direction is included for each
case in Appendix D. Examination of Table IV indicates that increasing the
substrate thickness increases the radial tensile stress, but decreases the
axjal stress in the substrate. Increasing the radius of the substrate (i.e.,
the radius of curvature of the nozszle) decreases the stress levels. It was
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-~ Coating on Actual Nozzle

Radius of
Curvature

Throat Radius

Figure 6. Pictorial Diagram Showing Parameters
Related to Nozzle Slope.
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Table IV, Summary of Residual Stresses in Cylindrical Composite with
As-Deposited Pyrolytic Graphite Coatings on the Outside.?

Maximum Tensile Stresses
in Coating

Coating
Thickuess Radial Hoop Axial

Case No.' (mil)

A. Substrate radius = 1.600"; substrate thickness

1 30 277 b b
2 50 384
3 80 500

B. Substrate radius =: 1.600"; substrate thickness

4 30 382
5 50 610
6 80 925

C. Substrate Yradius = 3.2C0"; substrate thickness

7 30 134
8 50 182
9 80 232

D. Substrate radius = 3,200"; substrate thickness

10 30 188
11 50 294
12 80 431

a Complete computer data may be found in Appendix D.

b. Where no value is listed, stresses are entirely compressive.

23

Maximum Tensile Stresses
in Substrate

Radial Hoop Axial

(psi) (psi) {psi)
0.100"

277 4440 2710

384 6210 3860

500 7900 5080
0.400"

382 1900 1050

610 2710 1580

925 3840 2290
0.100"

134 4300 2650

182 5820 3760

232 7370 4890
0.400"

188 1680 910

294 2470 1400

431 3510 2070
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not feasible because of design limitations and deposition problems, to
investigate experimentally the apparent improvement gained by going to a
larger radius of curvature. Furthermore, increasing the radius of curva-
ture generally produces a rather severe penalty in a light-weight nozzle
by increasing the length of the nozzle.

Several other interesting stress patterns are apparent from
examining Table IV. The only tensile stresses in the coating are those
in the radial direction. 1In the substrate, the radial tensile stresses
are equal to those in the coating but both the hoop and axial stresses
are also tensile. Both the hoop and axial stresses are quite high for
the thinner substrates. Increasing the substrate thickness, of course,
decreases both of these stress levels. As would be expected, increas-
ing the coating thicknes:., other factors being equal, increases all the
stress levels.

c. Effect of Substrate Properties

In the discussion above of the source of the stresses in
pyrolytic graphite coated inserts, it was pointed out that residual
stresses could not be eliminated. However, it is apparent that the
- properties of the substrate graphite will have a significant effect
on the stress levels in both the coating and the substrate portion of
a coated composite. In an effort to identify preferred substrate
graphites, a series of calculations wvas made for a molded graphite
(National Carbon ATJ), an anisotropic, high-density graphite (National
Carbon ZTA), a low-modulus, fibrous graphite (National Carbon PT-0114),
and an extruded graphite (Speer 580). Calculations of the stress levels
in both substrate and coating layers were made for composite cylinders
with the coating on the inside using two diameters, equivalent to the
two nozzle sizes under study, and three coating thicknesses for each
of the four substrate materials. The complete results of these calcu-
lations are tabulated in Appendix E. The input data used for these
calculations are also tabulated with the results. The thermal expan-
sion values used were somewhat different from those used in the
earlier calculations. The data which were used in this last series
of analyses were taken from the latest and most complete sources
available in the literature. Therefore, for correlation of calcu-
lated stresses with experimental data these results are most reliable.

The results of this series of calculations are summarized in
Table V. Various effects of the substrate properties are apparent from
examination of this table. The stresses calculated for the molded
graphite (ATJ) appear moderate except for two factors. As the coating
thickness increases in relation to the diameter (e.g., Case 3), the
radial and hoop stresses in the coating rise quite rapidly. This
appears to be evidence of the internal anisotropy of the pyrolytic
graphite which is not greatly modified by t'e ATJ substrate. Second,
the axial stress in the substrate for 50 and 80 mil coatings is higher
than for the other substrates compared in Table V. The shear stresses
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-+ ‘ch result from the axial force in actual insert sections of short length
can explain the observed delamination flaws.

With the high density graphite (ZTA), the calculations show that
the radial tension is eliminated and the axial tension in the substrate is
greatly reduced or eliminated for all cases. Two major problems can be
identified, however. First, the substrate hoop tension exceeds the material
strength for all configurations. Consistent with this, the only coating
deposited on ZTA graphite led to a hoop tension failure in the substrate.
Second, the orientation of the substrate anisotropy cannot actually match
the coating anisotropy orientation as assumed in the calculation since
the ZTA is a molded graphite. The experimental substrate was cut with
its axis across the molded billet so that the hoop and radial properties
are alternately with-grain and across-grain at 90° intervals of rotation.
Matching of the axial direction of the substrate with the with-grain
direction of the ZTA, to provide the reduction in axial stresses, was
achieved.

Perhaps the most significant results in Table V, at least for
support of the firing tests in the current program, are those for the
fibrous graphite (PT-0114). Bach stress calculated, with the possidble
exception of the thickest coating on the subscale substrate appears to
be of a tolerable magnitude. Experimental evidence confirms these pre-
dictions since coatings 51 mils thick on the subscale substrate and 100
mils thick on the fullscale substrate were deposited without stress
failure. The calculated axial tension in the substrate is of the same
order as the published cross-grain strength of the material (Ref. 11),
but no evidence of substrate delamination was noted. It is quite possible
that some permanent deformation of this type of substrate is possible
without the appearance of discrete cracks. Although the low grade prop-
erties of fibrous graphite do not recommend it on first examination as
the most desirable substrate, the use of this type of substrate did
provide a useful advance in the technology of coated inserts for full-
scale tests in this program. Further work will be required to determine
whether another substrate selection would be optimum or whether the
fibrous material does represent a preferred approach.

The extruded graphite (Speer 580) was selected because it had
better-than-sverage strength properties for an extruded grade and an
unusually low thermal expansion in the with-grain (axial) direction. The
improved match in expansion in the axial direction leads to reduced axial
tension in the substrate as seen in Table V. Both the radial and hoop
stresses in the coating on this extruded graphite were calculated to be
higher than for the molded (ATJ) substrate. Assuming a dual criterion
for coating integrity, namely, low radial stress in the coating and low
axial stress in the substrate, the calculations predict qualitatively
the observed results for coatings deposited on Speer 580 graphite.
Coatings up to 47 mils in thickness were uncracked, but at 64-mil thick-
ness delamination cracks were noted. It should be noted that because
of the interest in thicker coatings for the final fullscale motor firing,
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the coating thickness considered for the calculations in Table V for the
Speer 580 was increased to 120 mils. A more detailed comparison of the
calculated stresses in coated inserts with experimental observation of
delamination cracks is made after the description of the deposition studies
in the next section of this report.
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4.0 DEPOSITION STUDIES

A. GENERAL

Rocket motor firing tests were the basis of the feasibility demon-
stration of pyrolytic graphite coated nozzles. However, no motor firings
could be achieved without the prior preparation of suitable inserts. All of
the inserts tested in this program were fabricated in the laboratories of
Atlantic Research Corporation. The integration of the deposition studies and
the motor test evaluation work was a very distinct advantage in this program.
Deposition work was carried forward until inserts suitable for testing were
produced. Following the test in a motor firing of a given insert, it was
possible to return immediately to the deposition study in order to prepare
further and improved coated inserts. In this way, the maximum fecedback of
information from the evaluation phase was available to guide the deposition
work.

The equipment and procedures used in the deposition of pyrolytic
graphite coatings was fully described in Reference 1. All of the coatings
were deposited at a substrate temperature of 2000°C with methane as the
carbonaceous source gas. The density of coatings prepared under these con-
ditions ' is typically 2.17 gm/cu cm. X-ray diffraction indicates typical
values as iollows:

d-spacing = 3.45 ) |
crystallite size: Lc = 75A°; La = 12({\

The deposition conditions which were varied to control the nature and thick-
ness of the coatings included the flow geometry, the flow rates, and the
deposition time. Deposition work was carried out to prepare subscale in-
serts of nomiral l.l-inch throat diameter and fullscale inserts of nominal
2.3-inch diareter. The results of the deposition study in each size range
are discussed separately.

B. SUBSCALE INSERTS

The initial deposition work was carried out with subscale inserts.
Since the basic design of the test nozzle utilized an insert segmen: coated
with pyrolytic graphite which was only long enough to provide the required
dimensio:al stability at the throat of the nozzle, an excellent opportunity
existed to study the quality of the coated insert at both the upstream and
dowvnstream edges of the insert. The examination of the microstructure and
quality of the coating was carried out by microscopic examination of the
polished cross-section. This examination is indispensible if the perform-
ance of the nozzle is to be related to the pre-firing condition.

The radius of curvature of the subscale insert was chosen to be
three times the nominal throat radius. The length of the coated insert was
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selected as 1.22 inches so that the inlet joint fell at an area ratio of 2
relative to the throat and the outlet joint occurred at the 15° tangent point
to match the expansion cone half angle. Several coated inserts were pre-
pared on molded graphite substrates of this configuration prior to the first
motor test. In each insert, significant delamination cracking was found at
the exit end of the coating during microscopic examination. The cracks were
always in the coating, never at the substrate surface. Thesc cracks often
originated during the machining of the insert piece from the coated substrate
tube but changes in machining practice did not eliminate the cracks. When
initial changes in the deposition conditions failed to eliminate these
cracks, it was decided to motor test a typical insert containing a delamina-
tion crack at the exit end. The microstructure of both the inlet and exit
end of the coated insert selected for the first subscale firing is shown in
Figure 7. The crack in the exit end which averaged about 1 mil in width

and was about 10 to 15 wils above the substrate is typical of all those
observed in the subscale insert deposition work.

The cracking observed in the initial coatings on subscale inserts
was always at the exit end of the insert and seemed to be aggravated by the
machining operation following deposition. Therefore, a modification of the
substrate design was made so that no machining was required at the exit end
of the coated section following deposition. A small wrap-around section of
the coating at the exit end prevented microscopic examination of the coating
there, but a partial crack at the inlet end of the test section was noted.
To compare the effect of the stress relief crack at the inlet with the crack
at the exit end, this insert was selected for the second subscale motor test.

The next modification in the deposition work for subscale inserts
consisted of the use of an extruded graphite substrate. The improved match
of thermal expansion coefficients in the axial direction was expected to
improve the crack resistance of the coating. A flaw-free coating was pre-
pared on an extruded graphite substrate, but during final machining on the
outside diameter of the substrate, a hoop tensile failure occurred in the
substrate because of the lower strength of the extruded graphite in this
direction. This substrate failure propagated into the coating and caused
it to crack also. At this point in the subscale program, the use of ex-
truded graphite substrates was set aside in favor of other process modifi-
cations. Only a limited number of subscale inserts were required so that
success with other process modifications prevented the return to the stucdy
of extruded graphite. Thus, the possibility of preparing coatings on sub-
scale substrates of extruded graphite was not fully exploited.

Success had been achieved in an earlier program ( Ref. 1) in pre-
paring crack-free inserts of a size almost identical t© the current sub-
scele design. A re-study of these deposits indicated a subtle variation in
coating structure especially in the exit end of the nozzle where the current
problem with delamination flaws was most prevelant. By following this line
of attack and making further changes in the process conditions, a steady

.
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a. Entrance (X150)

b. Exit (X150) RR2752

Figure 7. Microstructure of rolytic Graphite Coating on Ingert
s for Subscale Piringpﬁumber 1, aph e
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advance in our capadbility to prepare flaw-free coatings was made in

the subscale system, The first flaw-free coated insert prepared and

fully machined for firing had a coating thickness of approximately 23 mils
at the throat. The microstructure of this coating, which was successfully
tested in subscale Firing No. 3, is shown in Figure 8. The increased re-
nucleation in this coating is apparent compared to that in Figure 7.

Following the preparation of this relatively thin crack-free coat-
ing deposition work continued along the same line and crack-free coatings as
thick as 54 mils were successfully deposited on subscals molded graphite
substrates. The microstructure of the 54-mil coating, tested in subscale
Firing No. & is shown in Figure 9. The upper limit of coating thickness
vhich can be made by the preferred deposition technique with a molded graph-
ite substrate of the subscale configuration was not determined since the re-
quirements of the motor test program for test nozzles was fulfilled before
this limit was reached. The requirement for fullscale inserts then took
precedence over further laboratory study on subscale inserts. The fact that
discrete coating losses occurred during motor test of the 54-mil-thick coat-
ing, as discusscd later in this report (Section 5.B.4.), suggests that the
upper limit was at hand. The residual stresses plus the stress factors
associated with the nozzle conditions apparently led to progressive coating
failure.

Prior to the completion of the subscale deposition work, enough
study of the deposition process for fullscale inserts was completed to in-
dicate that significant problems could be anticipated in preparing flaw-
free coatings of sufficient thickness for full duration motor firings. Thus,
the final work on subscale deposition consisted of an exploratory test of
the suitability of a low modulus, fibrous graphite as a substrate material.
A flaw-free coating 51 mils thick was deposited on a fibrous substrate.

More important for the timely pursuit of the program objectives, this coated
insert was successfully tested on subscale motor Firing No. 5, as described
below in Section 5.B.5.

C. FULLSCALE INSERTS

Deposition studies with fullscale substrates were started during
the fourth month of the program and were continued for the remainder of the
program. Thus, during the middle of the contract period subscale and full-
scale deposition work proceeded concurrently. This approach was adopted so
that maximum use could be made of the information gained in the deposition
work. Deposition procedures suitable to only one size insert were thus
avoided. .

In cthe preparation of fullscale inserts the substrate system was
segmented so that the insert was separate from the inlet and outlet sections.
This design reduced the amount of machining required on the coated insert
and thus largely eliminated this possible source of damage to the coatings.
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RR2757

Figure 8. Microsturcture of Pyrolytic. Graphite Coatigg at Entrance
of Insert for Subscale Firing Number 3 (X150).
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b. Exit (X150) RR2755

Figure 9. Microstructure of Pyrolytic Gra.phite Coating on Insert
for Subscale Firing Number 4.
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For the larger scale pieces this design also provided a significant cost re-
duction in preparation of the fixtures.

In the initial deposition work with fullscale inserts, delamination
cracks were observed at coating thickness of the same order of magnitude as
those which led to cracks in the subscalc coatings. At first this was some-
what surprising since, in general, the principal stresses caused by coating
anisotropy are roughly a function of the ratio of coating thickness to radi-
of curvature rather than to the absolute value of the coating thickness.
However, stresses produced by mismatch of substrate and coating expansion
properties are more nearly dependent on the linear measurements of the com-
posite. Thus, tie observed behavior suggests a dominate role of thermal ex-
pansion stresses in the delamination phenomenon.

A qualitative observation of note made on the early fullscale
inserts was that the nature of the cracking was somewhat different from that
seen on the subscale inserts. On the fullscale inserts cracking occurred
largely at or very near the substrate-coating interface. On the subscale
inserts the cracks were generally completely within the coating, most often
two-tenths or more of the coating thickness away from the interface.

Prior to the achievement of flaw-free fullscale coatings of usable
thickness, one insert containing a typical microscopic delamination separa-
tion at the exit end was selected for motor test. The microstructure of
this coating at each end is shown in Figure 10.

The observations regarding delamination cracks in fullscale coat-
ings led to emphasis on two factors in the deposition work. First, to
achieve maximum bond strength a thermal pretreatment of the substrate was
adopted. This pretrcatment was performed following all machining oper-
ation just prior to the deposition run. A sooty layer on the surface was
found on some inserts following pretreatment and that would likely be detri-
mental to the coating-substrate bond. The substrate was dry polished follow-
ing pretreatment to provide a clean deposition surface.

The second factor emphasized to improve the integrity of full-
scale coatings was the selection of different grades of graphite as sub-
strates in an effort to improve the compatibility of coating and substrate.
The use of an extruded graphite (Speer 580) provided sufficient relief for
the incompatibility problem (principally in the axial or with-grain direct-
ion) so that a flaw-free coatirg 47 mils thick was prepared. The micro-
structure of this coating, which was motor tested in fullscale Firing No. 2,
is shown in Figure 11. A similar coating of 64 mils thickness on the Speer
580 contained a delamination crack.

To achieve still thicker coatings without cracks, substrates were
machined from a low modulus, fibrous graphite (National Carbon PTr-0114).
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b.. Exit (X150) R 2756

Figure 10. Microstructure of Pyrolytic Graphite Coating on Insert
by for Fullscale Firing Number 1.
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a. Fullscale Firing Number 2; Exit (X150)

b. Fullscale Firing Number 3; Exit (X150) AA2751

Figure 11. Microstructure of Pyrolytic Graphite Coating on Insert
for Fullscale Firings Number 2 and Number 3.
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Pyrolytic graphite coatings &s thick as 100 mils were successfully deposited
on this type of substrate waterial without observable delamination cracks.

A coating of 75 mils thickness on the fibrous graphite substrate was selected
for test in fullscale Firing No. 3. The microstructure of this coating is
shown in Figure 11,

The thickest coating prepared on this program, which was also de-
posited on the fibrous type substrate, wvas selected for fullscale Firing
No. 4. The microstructure typical of this coating is illustrated in Figure
12, The as-deposited coating, which was 101 mils thick, contained a number
of nodules which had grown to various sizes up to the order of a tenth of
an inch in diameter. Microscopic examination of the polished edge of the
coating revealed that the local flaws in these nodules, which are character-
istic of any nodule, were more severe than usual. Because of the surface
roughness introduced by these nodules, the surface vas hand-polished prior
to mutor test. To define the effect of this polish ..g operation in the area
of the local flaws, photomicrographs were made both before and after this
smoothing step. Views of typical nodule regions both as deposited and after
surface polishing are shown in Figure 13. It is apparent that the polishing
did not significantly interact with the pre-existing local flaws except that
it allowed some of these flaws to be exposed at the finished surface. The
local flaws lie along the locally distorted direction of the pyrolytic
graphite layer planes. Polishing the surface in the region of a nodule
cuts across the layer p.anes locally and consequently exposes the edge of
the planes in these areas. The role of locel flaws in increasing the erosion
rate of a pyrolytic graphite coating was not determined quantitatively, but
qualitatively it can be surmised that some loss in erosion resistance is
inevitable. This assumption was borne out in the results of the fourth
fullscale firing described later. Optimization of the coating structure
and reduction of the nodule population were beyond the scope of this feasi-
bility program but the incentive for such an effort was indicated.

D. CORREIATION OF RESIDUAL STRESSES AND OBSERVED CRACKS

In the preceding major section of this report, the residual
stresses calculated for coated composites were presented. In this section,
the experimental evidence of delamination cracking was outlined. In Table
VI, the data pertinent to the establishment of failure stress criteria are
summarized. iwo calculated stress values, the radial tension in the coating
and the axial tension in the substrate, are listed for the thickest crack-
free coatings and the thinnest coatings which contained cracks for each
substrate material used. As outlined in the introduction to the stress
analysis discussion, the two types of tensile stress listed are those which
are consistent with the nature of the cracks observed. Examination of
Table VI indicates failure criteria vhich are consistent with all the
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b. Exit (X150) AR2754

Figure 12, Microstructure of Pyrolytic Graphite Coating on Insert
for Fullscale Firing Number 4.
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a. As Deposited (X60)

b. After Surface Polishing (X60) AR2753

Figure 13. Local Flaws Associated with Nodules in Coating on Insert
for Fullscale Firing Number 4.
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Correlation of Calculated Stresses

and Observed Delamination Cracks

Calculated Stresses*
Radial in Axisl in

Substrate Coating Thickness Coating Substrate
_Type () Cracks  _(a)  _(pat)
A, Subscale, 1..2 inch Diameter
i ATJ 54 Now# 100 950
i Fidrous 51 No 280 260
B, _Fullscale, 2.30 inch Diameter
i AT) 22 No Compressive 520
{ AT) 42 Yes Compressive 920
580 47 No 220 520
580 64 Yes 340 510
Fibrous 100 No 230 400

*
Interpolated and extrapolated from data in Table V.

R
No cracks observed, but coating failed during motor test.
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experimental evidence gathered. The stress values underlined in the table
are called to the reader's attention as those which appear critical. A
radial tensile stress level in the coating between 280 and 340 psi separates
the crack-free and cracked condition. An axial tensile stress in the sub-
strate between 520 and 920 psi appears critical. In the case of the 54-mil
coating on the subscale ATJ substrate, no cracks were observed although the
axial tension in the substrate was calculated to be 950 psi. However, this
coating failed and was removed during motor test which suggests a residual
stresy condition close to the failure level,

Although the absolute values of the failure stresses indicated
are subject to the approximations involved in the calculations, the discovery
of a self-consistent body of calculated and experimental evidence on de-
lamination cracking is significant. Optimization of fabrication technology
can be pursued by reduction of the residual stresses or by increasing the
tolerance of the pyrolytic graphite for these stresses. The advances ach-
ieved in the deposition work on this program came from work along both of
these paths, but further advances should be possible beyond the scope of
this program.
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5.0 MOTOR FIRING TESTS

The focal point of the entire program to determine the feasibility
of pyrolytic graphite coated nozzle inserts was the motor firing evaluation.
To prove the feasibility of a nozzle material, critical motor firing tests
must be completed successfully. The goal of this program was to prove the
suitability of a pyrolytic graphite coated nozzle for service with a 6550 F
propellant and a motor pressure of 700 psi in a reasonably size system and for
a realistic firing duration. To achieve this goal, in addition to the
analytical and deposition work described elsevhere, a series of subscale
and fullscale motor firings was carried out. The subscale motor firings
using a nozzle of l.l-inch throat diameter for a motor of approximately
1100 pounds thrust were cariied out to define the suitability of the basic
design and material for critical nozzle service. Following the subscale
effort, a series of fullscale firings using a nozzle of 2.3-inch throat
dismeter with a motor of approximately 4600 pounds thrust was carried out
to demonstrate usable service in sufficiently large nozzles to be indicative
of the merit of pywolytic graphite coating. iIn the following sections,
the motor firing procedures and the results of the subscale and fullscale
firings are discuszed separately.

A.  TEST PROCEDURE

The motors used for both subscale and fullscale nozzle tests
were of an insulated heavy-weight design and were filled with gel propellant.
The use of gel propellant snd a heavy-weight motor design leads to a mini-
mum cost program of nozzle materials evaluation. The propellant used in
all firings in this program was a highly aluminized solid propellant having
a theoretical flame temperature of 6550°F and moderately oxidizing com-
bustion products. This propellant is designated at Atlantic Research as
APG-112. The characteristics of this propellant are summarized in Table VII.

Each test nozzle was fabricated and assembled in our laboratory
and shops and then transported to the rocket test bay. Figure li is a
photograph of the fullscale test motor in operation. The level of the
motor pressure and changes in the motor pressure along with pre- and post-
firing measurements and examinations define the erosion performance of a
nozzle material. Thermocouple instrumentation was placed on the first
nozzle tested to confirm the design selection but temperature instrumen-
tation was not used on later tests.

B. SUBSCALE MOTOR FIRINGS

A total of five subscale evaluation tests were successfully
completed. The design philosophy for both the subscale and fullscale
nozzles utilized the segmented concept in which the pyrolytic graphite
coated insert was only a segment large enough to provide dimensional
stability at the throat. A number of other segments were used to form
the total nozzle contour and support, back-up, and insulate the exposed seg-
rum:-. The basic design used in all of the subscale nozzles is shown in the
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Specific Impulse (lb-sec/1lb)

Table VIX.

CONFIDENTIAL

Characteristic exhaust velocity (ft/sec)

Temperature (°K)

Specific Heat (cal/l100;-°K)
Moles of gas (g moles/100g)
Pressure (psia)

M%m_&mu
g moles/100g

c
H
0

> O X
—

2 88
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HC1

2 n°

=
~

BEEEE

&4
CONFIDENTIAL

CHAMBER

262.4
5042
3894
44.26
2.9833
1000

0.0000
0.2678
0.0074
0.001

0.0648
0.0121
0.5403
0.0191
0.0000
0.0000
0.9790
0.2909
0.3494
0.0009
0.0492
0.2659
0.0042
0.0003
0.0001
0.0000
0.0001

Characteristics of APG-112 Propellant

EXHAUST

2719
42.96
2.7849
14.699

0.0000
0.1057
0.0003
0.0000
0.0333
0.0003
0.5465
0.0128
0.0000
0.0000
1.1281
0.1758
0.4904
0.0000
0.0048
0.2682
0.0002
0.0000
0.0000
0.0000
0.0000
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Table VII, (Continued)

Combustion Products
AlH
Al0
Al,0

2
Al,0

272
AlCl
AlCl2
AlCl3
Al0C1
C (solid)
A1203 fliquid)
A1203 (solid)
AlN (solid)
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0.0017
0.0045
0.0023
0.0003
0.1112
0.0051
0.0006
0.0059
0.0000
0.4335
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0168
0.0010
0.0002
0.0004
0.0000
0.4973
0.0000
0.0000
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Figure 14. Fullscale Test Motor During Firing.
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assembly drawing, Figure 15. The actual segments used in one of the subscale
nozzles are pictured prior to assembly in Figure 16.

For the subscale nozzles the radius of curvature of the insert
substrate was chosen to be approximately three times the throat radius.
The length of the coated insert was selected so that the joint line at
the inlet end was at an area ratio of 2 relative to the throat, and the
exit joint line occurred at the 15° tangent point to match the expansion
cone half angle. Previius work had indicated the desirability of protecting
the inlet edge of the coated insert from excessive exposure to the flow of
combustion gases. For convenience in this program, a single plate of
pyrolytic graphite in the edge-oriented position was placed immediately
upstream of the pyrolytic graphite coated throat insert. In a flight-
weight nozzle design, the optimum selection for the entrance section
might well be a second pyrolytic graphite coated segment. For the test
nozzles in this program the pyrolytic graphite plate and the insulation
thicknesses were selected to provide nozzle integrity in accordance with
the results of the thermal analysis discussed in gnother section.

To provide for the thermal expansion of the exposed segments in
each test nozzle, calculations were made of the expansion to be expected
from each segment so that expansion joints could be installed at selected

locations. The total expansion of each of the exposed segments showm in
the sssembly drawving, Figure 15 was calculated as follows:

(1) éntrnncc section 1 - 19 mils.
(2) Entrance section 2 - 25 mils.
(3) Throat section - 16 mils.

(4) Pirst exit section - 18 mils.
(5) Exit cone - 39 mils

To accommodate these expansions the following design decisions
were made:

(1) The expansion of the first inlet section would be taken
by the shrinkage and crushing of the reinforced plastic at the nozzle
entrance.

(2) An expansion joint 30 mils thick was placed at the entrance
end of the second entrance section to accommodate 50 per cent of the total
expansion of the second, third and fourth segments of the nozzle. A
silicone rubber expansion gasket was used at this upstream location in
all tests.
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817568

R 32544

Figure 16. Components of Subscale Nozzle Prior to Assembly
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(3) A second expansion joint between the fourth and fifth seg-
ment might be required to accommodate the expansion in this region. The
second expansion joint utilized in the first test was found unnecessary and
eliminated in subsequent tests. (U)

A summary of all of the evaluation data obtained in the motor
test firings is contained in Table VIII. In the following sections, each
of the subscale firings is described and discussed separately, and then a
comparison and discussion of the implications of these firings is presented. (V)

1. Subscale Piring No. 1

The first subscale firing was carried out prior to the point in
the deposition study when delamination flaws were eliminated. The insert
selected for this test had a coating thickness of 58 mils at the throat
and contained s microscopic delamination at the exit end of the insert.
Nozzle erosion during this test was smooth as can be seen from the motor
pressure trace in Figure 17, but the rate of erosion was greater than
that predicted for a good coating. The erosion was sufficient to remove
the entire coating during the 56 second duration at an average motor
pressure of 564 psi. Pigure 18 shows that although insert erosion was
higher than desirable, the general condition of the remainder of the
nozzle vas satisfactory. (C)

The over-all average radial erosion rate calculated from pre-
and post-firing throat dimensions was 1.91 mils per second. Post-firing
examination of the nozzle and ballistic calculations based on the motor
pressure trace suggest the following series of events likely took place
in this test. (C)

A significant initial loss of coating occurred within the first
5 seconds or so, probably at the exit end of the insert. For a major
portion of the firing, erosion proceeded by minor spallation and edge
chipping at the exit end of the coating to yield an average erosion
rate of about 1.2 mils per second. During this period the location of
the throat plane apparently moved upstream. Finally more rapid erosion
occurred near the end of the firing as a greater amount of the substrate
graphite vas exposed. 1In Pigure 19 the estimated throat radii during
this firing are shown as detecmined by a ballistic calculation from
point to point along the motor pressure curve. It was indicated by this
firing that the pyrolytic graphite coating was not likely to be tolerant
of delsmination flaws under service conditions so severe as used in this

program. (C)
2., Subscale Firing No. 2

The insert tested in the second subscale firing had a wrap-
around coating contour at the exit end, but it still contained a partial (C)
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Figure 17. Motor Pressure Traces for Subscale
Firings No. 1 and No. 2.
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A AP 6 15 4- A

Figure 18.. Axial View from Entrance End of Nozzle After Subscale Firing‘ r?f:s AE.
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CALCULATED THROAT RADIUS (inch)
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Figure 19. Calculated Throat Radii During Subscale Firing No. 1.
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delamination flaw at the entrance end. The performance of this insert was
poor and reinforced the belief that coatings are not tolersant of delamination
flaws under severe service conditions. The pressure-time trace for this
firing (Figure 17) shows clear evidence of the loss of sections of the
coating during test. The total firing duration was 83 seconds and the
coating was completely removed during test. The average radial erosion rate
calculated from pre- and post-test measurements was 2.43 mils per second
which clearly indicates the combined erosion of the coating and later the
substrate. The relatively smooth pressure regression *-{th the exception

of the sudden pressure losses associated with coating spallation suggests
that the coating eroded progressively from the downstream edge towards the
entrance and provided some protection for the substrate during much of

the firing period. (C)

3. Subscale Firing No. 3

The third subscale firing was the firsr test of a pyrolytic gra-
phite coated insert which showed no visible cracks upon microscopic examina-
tion of both ends of the insert. The average erosion rate of 0.55 mil per
second at an average motor pressure of 618 psi demonstrated the basic
serviceability of a pyrolytic graphite coating when the coating integrity
is maintained. The coating thickness on the insert tested was only 23 mils
at the throat so that the firing duration was reduced to 34.8 seconds.

The motor pressure trace shown in Figure 20 reflects the excellent perfor-
mance of this nozzle. (C)

A most interesting and unique result of the firing test on the
coating was observed in post-firing microscopic examination. The integrity
of the coating was in no way decreased by the firing, but clear evidence
of some plastic deformation of the pyrolytic graphite coating was found.
This evidence for deformation is shown in two views of the post-firing
microstructure in Figure 21. Markings in the coating resembling slip
bands were found at numerous points in the coating. The lower view in
Figure 21 incluces a void area generated in the substrate beneath the
coating vhich appears to have altered the point at which the two defor-
mation bands intersect probably due to the reduced local stiffness of the
substrate. The most significant conclusion to be drawn from these photo-
micrographs is that a pyrolytic graphite coating appears to be an excellent
candidate for restart nozzle service. Further evidence is shown later to
reinforce the conclusion that motor firing conditions do not degrade the
remaining coating quality. The evidence of plastic deformation without
cracking suggests that some relief may occur which could improve the stress
distribution during recycle duty. (U)
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Figure 20.. Motor Pressure Traces for Subscale
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a. Exit (X150)

b. Exit (X150). Note Void in Substra.\te. ‘8"0

Figure 21. Microstructure of Pyrolytic Graphite Showing Evidence
of Deformation After Subscale Firing Number 3.
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4. Subscale Firing No. L

This firing was carried out t¢ demonstrate the erosion resistance
of a thicker coating in substantiation of subscale firing No. 3. The
insert tested consisted of a S54-mil thick coating of pyrolytic graphite
on & molded graphite sutstrate. The performance of this insert was disap-
pointing. Discrete losses of coating occurred first at about 29 seconds
and again at 37 seconds. The motor pressure trace for this firing i{s shown
in Pigure 20. The duration of this firing was 64.9 seconds und the average
motor pressure was 590 psi, reduced to this level from an initial maximum
motor pressure of 812 psi by an erosion rate averaging 1.82 mils per second. (C)

Although ballistic calculations indicate that the erosion rate
of the coating prior to the first discrete loss of coating at about 29
seconds was only 0.7 to 0.8 mil per second, the failure of the coating was
serious, but it was the only instance of loss of a crack-free coating in
the entire program. It must be concluded that in this insert the cumu-
lative effect of residual stresses from deposition and the thermal stresses
generated during the firing caused progressive coating failure. Although
this behavior may have resulted from an undetected flaw in this particular
insert, time did not permit further study of the optimization of coatings
on subscale molded graphite inserts. Instead, a more immediate means of
reducing the stress effects was sought through the choice of another sub-
strate material. The extent to which stress control can be achieved
through the use of a low modulus substrate is discussed in the section on
stress analysis, and the success of this approach was demonstrated in the
next subscale firing. (C)

.  Subscale Firing No. 5

The coated insert tested in this firing consisted of a 5l-mil
thick py' . ytic graphite coating on a low modulus fibrous graphite sub-
strate. Luring the 37 second duration at an average motor pressure of
530 psi the coating erosion rateaveraged 0.64 mil per second. The
pressure trace is reproduced in Figure 22. This firing was significant
for two reasons. It again demonstrated that a coating without observable
flaws could give good performance under severe nozzle conditions. Second,
it 1illustrated that the low modulus fibrous graphite could be successfully
utilized as s substrate and survive not only residual stresses involved in
deposition, but also the rigors of motor firing. Demonstration of this
second fact was particularly important prior to the use of such a fibrous
graphite substrate for fullscale firing tests. A photograph of the nozzle
assembly after test shown in Pigure 23 confirms the good condition of the
nozzle. (C)
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MOTOR PRESSURE (psia)

A0

8 10 18 20 28 30
TIME FIRING (seconde)

]

Figure 22. Motor Pressure Trace for Subscale Firing No. 5.
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Figure 23. Axial View from Entrance End of Nozzle After Subscale Firing Number 5.
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6. Implication of Subscale Test Results

The subscale firings in this program were intended to define
problem areas in pyrolytic graphite coatings and to insure the successful
demonstration of the feasibility of such coatings for fullscale nozzles.
From the results of the five subscale firings, the following conclusions
were drawn. The tolerance of pyrolytic graphite coatings for delamination
flaws is low. However, it was also indicated that coatings free from
visible flaws {n microscopic examination could yield excellent nozezle per-
formance for coatings on both molded substrates and low modulus fibrous
substrates. The losses from the SL-mil thick coating tested in the
fourth subscale firing, reinforces the belief that coating integrity is
related to the deposition residual stresses. Although no flaws were
visible in this insert, it is aspparent that the coating was near the upper
limit for flaw-free deposition and it is likely that the built-in stresses
led to failure vhen firing stresses were superimposed on the insert. (C)

C. FULLSCALE MOTOR FIRINGS

Four fullscale firing tests using a 2,3-inch nozzle diameter
in a L600 pounds thrust motor were carried out in this program. The
fullscale nozzle design which is shown in Figure 2L was similar to that
used for the subscale unit. The goal of these firings was to demonstrate
the performance capability of pyrolytic graphite coatings in nozzles of
a usable and practical sizs. Each of the fullscale firings is discussed
separately in the following sections and the implications of these results
are indicated. (V)

1. Pullscale Firing No, 1

The fullscale firing program overlapped the subscale program in
the same way that the deposition work for the two size ranges overlapped.
This overlap was used to assure that results derived for subscale nozzles
would be applicable to fullscale systems. The inserts selected for the
firet fullscale firing consisted of a 42-mil thick coating on molded gra-
phite and contained a visible microscopic separation of the coating from
the substrate at the exit end. The nature of the flaw in this insert
was quite different from those found in early subscale units. A test of
the effect of such a flaw on fullscale nozzle performance was deemed desir-
able. This firing was made prior to the point ia the deposition study
when flaw-free fuliscale coatings were prepared. (U)

The performance of this fullscale insert with a known delemina-
tion flaw was quite similar to the results obtained previously in the sub-
scale test with an insert with a flaw at the exit end. The over-all ero-
sion rate, based on before-and after-test diameter messurements was 2.01
mils per second. The motor pressure trace shown in Pigure 25 indicated
a steady but excessive erosion pattern. The firing duration (C)
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Figure 25. Motor Pressure Traces for Fullscale
Firings No. 1 and No. 2.
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vas 3.6 seconds at an average motor pressure of 623 psi. A summary of
motor test data for the fullecale firings is included in Table VIII. (C)

The c-bnnutent failure of coated inserts with known flaws to
provide suitable performance suggested that flaw-free inserts were a
aust to achieve optimum performance. (U)

2. PRullscale Piring No, 2

Prior to fullscale Firing No. 2, successful deposition of a flaw-
free coating on a Speer Carbon extruded graphite substrate (Grade 580)
vas achieved. The second fullscale test utilized such an insert with a
4LT-mil thick coating. This firing was completely successful. The insert
showed an average erosion rate of 0.73 mil per second and an average
motor pressure 6L4 psi for a firing duration of 31.5 seconds. The motor
pressure trace for this test is included in Figure 25. After test the
coating was intact and in good condition with approximately one-half of
the original coating thickness remaining. (C)

Purther evidence of the excellent condition of the coating
remaining on the insert after this test was found by examining the
microstructure of the coating. This microstructure, shown in Figure 26,
is {in every way similar to that of the insert prior to test and shows no
indication of damage or cracking. (u)

3. Fullscale Firing No. 3

The deposition work indicated that & low modulus, fibrous gra-
phite was an interesting alternative to the Crade 580 extruded graphite
substrate. The final subscale firing had indicated that a pyrolytic gra-
phite coating on s fibrous graphite substrate was suitable for motor
service. To confirm this performance at the fullscale, a coating 75 mils
thick deposited on a fibrous graphite substrate was tested in the third
fullecale firing. The nozzle gave good performance. An average erosion
rate of 0.88 mil per second was measured for an average motor pressure
of 697 psi and a firing duration of 42.8 seconds. The motor pressure
trace for this firing is shown in Figure 27. (C)

After test, the coating was intact and in generally good
condition. Approximately one-half of the original thickness of the coating
remained. Two views of the entrance end of the nozzle after test are
shown in Pigures 28 and 29. These figures indicate the good condition
of the entire assembly. The microstructure of the coating after firing
shown in Figure 30 again demonstrates that no discernable change occurs
in the coating because of the motor exposure. (U)
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a. Entrance (X150)

b. Exit (X150) AR 2749

Figure 26. Microstructure of Pyrolytic Graphlte Coating
After Fullscale Firing Number 2
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Fullscale Firing No. 4

Figure 27. Motor Pressure Traces for Fullscale

Firings No. 3 and No. 4.
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AR2737

Figure 28. Axial View from Entrance End of Nozzle
After Fullscale Firing No. 3.
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A2136

Figure 29. Oblique View from Entrance End of Nozzle
After Fullscale Firing No. 3.
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b. Exit (X150) AR2748

Figure 30. Microstructure of Pyr r‘?'tic Graphite Coating
After Fullscale Firing umber 3.
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4. Fullscale Piring No. 4

In selecting an insert for this final fullscale motor firing,
the alternative of using an extruded graphite or a fibrous graphite sub-
strate was available. As discussed earlier in the deposition study,
coatings of sufficient thickness wera not successfully prepared on the
extruded substrate. Time did not permit the further pursuit of the
deposition study, so an insert consisting of a 100-mil coating of pyro-
lytic graphite on a fibrous graphite substrate was selected for test.
The goal of this firing was to demonstrate a full duration capability of
more than 60 seconds for a pyrolytic graphite coated nozzle under the
severe motor conditions selected for this program. This goal was achieved
in fullscale Piring No. 4 which had a firing duration of 63.5 seconds
and an average motor pressure of 708 psi. The motor pressure trace for
this test is shown in Figure 27. (U)

Although this firing represented a successful full duration test,
the success was qualified by two factors. First, although the motor
pressure trace was smooth, a local gouge occurred in the nozzle coincident
wvith motor tailoff. This gouge, which because of the soft and non-erosion
resistant nature of the fibrous substrate is sizeable, is seen in the two
views of the post fired nozzle in Figures 31 and 32. Second, the average
erosion rate calculated from post-firing measurements in areas away from
the local gouge indicated a higher than normal erosion rate of 1.19 mils
per second. Both of these qualifications on the success of this firing
are believed to have resulted from the non-uniform quality of the coating.
As indicated in the deposition study section, the coating tested in this
firing had more than normal roughness associated with nodules in the
coating. To avoid effects associated with turbulence due to surface
roughness, the surface of the coating was polished prior to test. However,
this smoothing operation could not eliminate the effect of local flaws
in nodules on the coating erosion. It is likely that enhanced erosion
occurred in the regions where local flaws in the nodules became exposed
to the surface. Although the local flaws associated with nodules {n the
coating probably produced microspallation of the coating locally, the
microstructure shown in Figure 33 indicates that this type of flaw does
not lead to catastrophic changes in the coating integrity. In Figure 33
the presence of submerged local flaws in the coating remaining after
tests indicates this conclusion to be valid. (C)

5. lications of Fullscale Test Risults

The complete loss of the coatirg of the first fullscale firing
again indicates that coatings with known delamination cracks are not
suited for severe nozzle applications. The successful completion of the
remaining fullscale tests with nozzles that did not contain delamination
cracks demonstrated the feasibility of pyrolytic graphite coated nozzles
for fullscale applications. Optimization of coatings on fullscale inserts
was not within the scope of this program, but the successful performance
of three fullscale coated inserts does point to the inherent advantage of
this light-weight nozzle system. (U)
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Figure 31, Axial View

from Entrance Eng of Nozzle AR 2134
After Fullscale Firing No, 4,
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f o

RRA2735
Figure 32. Axial View from Exit End of Nozzle
After Fullscale Firing No. 4.
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a. Exit (X150)

b. Local Flaws in Nodule (X150) RA2147

Figure 33. Microstructure of Pyrolytic Gr?hite Coating
After Fullscale Firing Number 4.
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APPENDIX A

Calculated Temperatures in Various Nozzle Designs

Utilizing Pyrolytic Graphite Coatings
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Case A-1
Throat Location: 1.100" diemeter

Location Surface Rear Craphite Midpoint Carbon Steel Average

Radius 0.550 1.180 1.580 2.200
Node Wo. 1 11 14 17,18
Time (sec) Iemerature °J
1 4470 140 70 70
2 4891 ;s n 70
5 5330 845 92 70
! 10 3608 1513 206 70
' 20 5848 2365 568 79
30 5964 2899 935 106
£ 40 6035 3270 1250 15
£ s0 6083 3543 1510 216
g 60 6117 3751 1728 288
g
7




—_

AFRPL-TR-65-57

e

Location
Radius
Node No.

Tine_(sec)

E 8888 wn -

Throat Location:

Surface
0.53%0
1

4430
4830
5283
5530
5798
5932
6021

Case A-2

Rear Graphite Midpoint Carbon

1.440
13

Tsmeratuce °F
8
164
533
s
2004
2634

3156
3337

78

1.100" diameter

1.7”
13

70
75
150
398
939
1443
1846
2183

Steel Average
2.200
17,18

70
70
70
18
143
263
413
563
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Location

Radiue
Node No.

Time (sec)
1

10

28883

Case A-)

Throat Location: 1.100" dismeter

Surface

0.350
1

5925
3939

6054
6113
6131
6178
6199
6213

Near
Rear PG
0.574

L)

804
1119
1643
2184
2866
3326
3620
3858

79

Rear Graphite Midpoint Carbon

1.180
14

Issperatucs, °F
8s

132
403
780
1350
1772
2041
2363
2382

1.580
17

70
70
78
133
3
560
776
970
1142

Steel
Average
2.200
20,21

70
70
70
70
74
89
116
134
201
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Case A-4
Throat Location: 1.100" diameter

Location Surface Near Rear Graphite Midpoint Carbon Steel

Rear IG Average
Radius 0.550 0.574 1.440 1.720 2.200
Node Mo. 1 [ 16 18 20,21
Tine (sec) Teparatuce, °F
1 5925 801 72 70 70
2 5958 1117 9% n 70
5 6004 1611 232 89 70
10 6045 2076 48 176 72
20 6096 2662 910 401 91
30 6129 3087 1247 615 132
40.4 6156 3360 1481 810 192
50.4 6175 3585 1756 974 259
59.4 6190 3749 1929 1107 325
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Cane A-S
Throat Location: 1.100% dismeter

Location Su:face Rear PG Rear Graphite Rear Carbon Near Outside

(in steel)
Radius 0.5%0 0.610 1.250 2.000 2.220
Node No. 1 6 14 20 21
Iime (sec) Imparatucs, °J
.05 4720 70 70 70 70
.1 5130 70 70 70 70
] 5450 73 70 70 70
.5 5782 100 70 70 70
1.0 3955 175 n 70 70
2.2 6081 k19 ] 95 70 70
$.2 6134 624 228 70 70
0.2 6152 939 456 70 70
20.2 6176 1406 826 72 71
30.2 6193 1758 1121 79 75
40.2 6207 2038 1364 92 84
$0.2 6218 2268 1570 112 100
39.2 6227 2445 1732 135 119
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Case A-6
Throat locatiom: 1.100" dismeter

Location Surface Rear IC Rear Craphite Rear Carbon Near Outside

(in steel)

Redius 0.550 0.610 1.500 2.000 2.220

Node ¥o. 1 - 6 16 20 21
Tine (sec) Ismezatuxs. °F

.08 4720 70 70 70 70

.10 5130 70 70 70 70

.20 5450 73 70 70 70

.50 5782 100 70 70 70

1.0 5965 175 70 70 70

2.2 6081 348 77 70 70

5.2 6133 603 146 70 70

10.2 6149 8s? 297 71 70

20.2 6168 1230 565 78 73

30.2 6182 1522 790 97 86

40.2 6194 1762 93 . 12¢ 108

0.2 6204 1966 1151 160 138

590.2 6212 2124 1285 197 170
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Location
Rad{ius
Node No.

.05
.10
.20
.30
1.0
2.3
5.3
10.3
20.3
30.3
40.3
50.3
59.3

Case B-1
Throat Location: 2.300" diameter
Near Rear Near Rear
Surface Graphite Carbon
1.150 1.930 2.685
1 13 19

ITepsrature, °F

1880 70 70
2610 70 70
3000 70 70
3778 72 70
4330 95 70
4901 247 70
5328 660 70
5602 1239 1
5839 2043 90
5957 2582 133
6029 2973 196
6079 3271 272
6112 3484 348
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Near Outside
(in steel)
3.0225

21

70
70
70
70
70
70
70
70
75
93
130
184
241
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Case B-2
Throat Location: 2.300" di{ameter
Rear Rear Near Rear Near Outsicde
Location Surface Graphite Carbon (in steel)
Rad{ius 1.150 2.185 2.685 3.0225
Node No. 1 15 19 21
Iim (oec) Ismerature, °F
.08 1880 70 70 70
.10 2610 70 70 70
.20 3000 70 70 70
.59 3778 70 70 70
1.0 4330 74 70 70
2.3 4900 132 70 70
5.3 5321 370 71 70
10.3 5579 774 82 71
20.3 5797 1413 143 91
30.3 5909 1881 235 142
40.3 5981 2240 343 216
50.3 6032 2524 456 304
59.3 6066 2732 359 389
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Case B-3
Throat Location: 2.300" diameter

Location Surface Rear IC Rear Graphite Rear Carbon Near Outside

(in steel)
Redius 1.150 1.195 2.000 2.750 3.000
Mode Ko, 1 6 12 20 21
Tna (ssc) Isspsraturs. °F
.05 4550 70 70 70 70
.10 4980 71 70 70 70
.20 5330 81 70 70 70
.50 5692 155 70 70 70
1.0 5881 307 7 70 70
2.3 5995 592 96 70 70
3.3 6035 960 240 70 70
S 10.3 6065 1363 496 70 70
20.3 6105 1939 923 72 n
3.3 6135 2359 1266 80 76
40.5 6158 2690 1556 97 88
50.5 6175 2952 1797 122 108
| 60.5 6191 3169 2005 154 136
| 70.5 6203 3353 2187 193 170
80.5 6214 3511 2347 236 209
90.5 6224 3648 24689 282 252
100.5 6232 3767 2616 331 298
110.5 6239 3873 2730 383 346
4 120.5 6246 3967 2833 435 396

130.5 6252 4051 2927 487 447
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Case 3-4
Throat Location: 2.300" dismeter

Location Surface Rear PG Rear Graphite Resr Carbon Near Outside

(in steel)
Radius 1.150 1.195 2.250 2.750 3.000
Node No. 1 6 14 20 21
Time (asc) Ismparatuzs, °F
.08 4550 70 70 70 70
.10 4980 71 70 70 70
.20 333 80 70 70 70
.50 5692 155 70 70 70
1.0 35881 307 70 70 70
2.3 5995 591 . 78 70 70
5.3 6035 949 158 70 10
10.3 6061 1309 336 1 70
20.3 6097 1810 663 80 15
30.3 6123 2181 939 103 90
1.3 6125 2213 965 106 93
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Case B-7
Throat Locatiom: 2.300" dismeter

Location Surface Rear PG Rear Graphite Rear Carbon Near Outside

(in steel)
Radius 1.150  1.195 2.000 3.125 3.375
dode Nc. 1 6 12 20 21

> .05 4550 70 70 70 70
i .10 4980 7 70 70 70
] .20 5330 80 70 70 70
p .50 5694 155 70 70 70
' 1.0 5882 307 71 70 70
: 2.2 5993 s81 % 70 70
5.2 6035 954 237 70 70

3 10.2 6064 1359 493 70 70
20.2 6105 1937 921 70 70

30.2 613% 2357 1265 n 70

40.2 6157 2683 1550 73 72

$0.2 6175 2947 1793 78 75

60.2 6190 3165 2002 85 81

70.2 6203 3350 2185 96 90

80.2 6214 3509 2348 11 102

90.2 6224 3647 2492 128 120

99.2 6231 3757 2610 147 135
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Entrance Location:

Location

Radius
Node Mo.

Time (sec)
.0S

.10

.20

.50
1.0
2.2
5.2
10.2
20.2
30.2
40.2
50.2
59.2

Surface

0.920

1

620

850
1150
1630
2095
2692
3491
4207
4925
5299
5528
5683
5783

Case C-1

1.840" dismeter (1.100" throat)

Rear IG

1.750

5

70
70
n
92
170
417
975
1675
2607
3214
3641
3955
4170

Rear Carbon

2.230

9

Tempaxature. °F

70
70
70
70
70
70
71
80
140
263
n
307
631

Near Outaide
(in steel)
2.5375
11

70
70
70
70
70
70
70
72
103
177
281
399
511
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Entrance Location:

Location

Radius
Rode ¥o.

Time (sec)
.03

.20

.50
1.0
2.2
3.2
10.2
20.2
30.2
40.2
50.2
59.2

Surface

0.920
1

620

850
1150
1650
2093
2692
3492
4210
4928
5301
5532
5689
5791

Case C-2
1.840" diameter (1.100" throat)

1.750
-]

70
70
7
2
171
418
979
1681
2613
3222
3653
3979
6206

89

Rear Carbon

2.623
10

Temperature, 7
70
70
70
70
70
70
70
70
74
89

118
160
209

Near Outside
(in steel)
2.928
12

70
70
70
70
70
70
70
70
n
80
101
135
175
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Case D-1
Entrance Location: 3.340" diameter (2.300" throat)
Location Surface Rear IG Rear Carbon Near Outside
(in steel)
Redius 1.770 2.623 3.250 3.5378
Node ¥o. 1 6 12 14
Tine (sec) Temerature, °T
.08 670 70 70 70 °
.10 900 70 70 70
.20 1180 Nn 70 70
.50 1690 90 70 70
1.0 2181 175 70 70
2.2 2842 445 70 70
5.2 3703 1054 70 70
' 10.2 4442 1810 72 70
20.2 5148 2799 » 82
3.2 5500 433 162 123
40.2 5712 3876 255 196
0.2 5852 4200 365 285
60.2 5950 AMAS 484 391
70.2 6022 4635 605 501
80.2 6077 4783 725 612
90.2 6118 4902 84l 723
99.2 6148 4990 93 820
9
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Case D-2
Entrance Location: 3.540" diameter (2.300" throat)

Location Surface Rear PG Rear Carbdbon Near Outside
(in steel)
Radius 1.770 2.625 3.625 3.925
dode No. 1 6 13 15
Time (a80) Tsparatucre, °F
.05 680 70 70 70
.10 900 70 70 70
.20 1180 71 70 70
.50 1690 90 70 70
1.0 2181 176 70 70
2.2 2842 446 70 70
5.2 3704 1059 70 70
10.2 bbbb 1817 70 70
20.3 5156 2815 n 70
30.3 3506 3446 78 74
40.3 5716 3880 95 85
50.3 35838 4212 124 107
0.3 3954 6461 164 139
70.3 6027 4655 214 182
7.4 6067 4768 254 216
91
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APPENDIX B

Calculated Stresses in Free-Standing Cylindricsl

Shells of Pyrolytic Graphite

NOTE: See Appendix F for definitions of symbols used in this Appendix.
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APPENDIX B

PHYSICAL PROPERTIES INPUT DATA

Pyrolytic Graphite:¥

%* Reference 7.

Young's Modulus
Young's Modulus
Poisson's Ratio
Poisson's Ratio
Poisson's Ratio
Shear Modulus

Shear Modulus

Total Thermal Expansion a.AT

Total Thermal Expansion orcAT

95
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4.5 x 10% psi

1.5 x 10% psi
0.90

0.30

-0.16

0.2 x 10° psi
2.68 X 106 psi
-0.00144 in/in

-0.0432 in/in
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APPENDIX C

Calculated Stresses in Composite Cylindcil with

Pyrolytic Graphite Coating on the Inside

NOTE: See Appendix F for definitions of symbols used in this Appendix.
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AFRPL-TR-65-57
APPENDIX C
. PHYSICAL PROPERTIES INPUT DATA

Pyrolytic Graphite:* Young's Modulus E. = 4.5X% 106 psi
' Young's Modulus Ec = 1,5 X 106 psi

Poisson's Ratio Voo * 0.90

Poisson's Ratio Vg = 0.30

Poisson's Ratio Ve = -0.16
Shear Modulus G. = 0.2 X 106 psi
Shear Modulus G = 2,68X 106 psi

Total Thermal Expansion o 4T -0.00144 in/in

-0.0432 in/in

Total Thermal Expansion acAT

[
] Molded Graphite:** Young's Modulus E = 1.5x 10° psi

Poisson's Ratio v 0.35

=0.0046 in/in

Total Thermal Expansion a.Am

-0.0070 in/in

Total Thermal Expansion acAT

Extruded Graphite:**  Young's Modulus E = 1.5x 10° pst

0.35

Poisson's Ratio v

=0.0044 in/in

Total Thermal Expansion a;AT
<0.0076 in/in

Total Thermal Expansion acAT

%* Reference 7.

%% Reference 9.
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